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Abstract 
Time independent inelasticity is often modelled as due to plasticity and/or damage. The difference is manifested at 
reversed loading; plasticity reveals itself by a remaining strain in the unloaded state while damage is revealed by a 
decrease in the elastic stiffness during unloading. With thin adhesive layers, the deformation is inhomogeneously 
distributed along the layer. Large deformations occur at the ends of the layer. In the more central parts, the layer is 
virtually undeformed. This makes a direct measurement of the unloading properties virtually impossible. In the 
present paper, novel experiments are performed in order to evaluate the inelastic properties of epoxy adhesives. The 
load is first increased to a level corresponding to 50, 60, 70 or 80% of the fracture energy. The load is then reversed. 
The first step creates a zone of inelastically deformed adhesive at the start of the layer. During a final loading phase, 
the properties of this zone are analysed. Major differences due to the loading direction are observed. Some 
comparisons with simulation models are performed. 
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1. Introduction 
Fracture and more generally, inelastic properties of adhesive layers are conveniently modelled with 
cohesive models, [1]. The cohesive law yields the relation between the separation of the interfaces of the 
adhesive layer and the tractions acting on the adhesive/adherend interfaces. In this context, the cohesive 
law models material properties on a larger length scale than an ordinary constitutive law [2]. That is, the 
cohesive law is expected to depend on the rate of deformation and the temperature similarly as 
constitutive laws for polymers [3]. 
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Nomenclature 
a length of the unbounded part 
b width of the adherends 
c width of the adhesive layer 
F load 
h height of the adherents 
J energy release rate 
L length of the specimen 
τ  shear stress in the adhesive 
t thickness of the adhesive layer  
v shear deformation 
It should be noted that the properties of an adhesive layer depends on the constraints of the adherends. 
This is reflected by the dependence of the fracture energy on the thickness of the layer [4]. At small layer 
thicknesses, the fracture energy increases with increasing layer thickness; after reaching a maximum, the 
fracture energy decreases to a plateau above which, the constraint no longer influences the fracture 
energy. [5]. Presently no generally reliable method is available to theoretically derive cohesive laws for 
adhesive layers from constitutive laws for the polymer. Thus, we need experimental techniques to identify 
the properties of cohesive laws. 
Time independent inelastic mechanical properties can be classified as originating from plasticity and 
damage. Both models yields increased deformation at loading; the difference is manifested at unloading. 
Plasticity gives a remaining deformation at the unloaded state; damage gives no remaining deformation 
though the elastic stiffness has decreased [6]. Figure 1a illustrates the difference for a cohesive law. At 
monotonically increasing deformation, no difference can be identified; at unloading, a damage model 
gives a stress-deformation response ending at the origin (A), a plasticity model gives a stress-deformation 
relation with the virgin elastic properties ending with a permanent deformation (B). 
The basic experimental problem in identifying plasticity and damage in an adhesive layer is due to the 
fact that only a small part of the adhesive layer is loaded when a specimen is tested. Since only a small 
part is loaded, the differences in behaviour in terms of load vs. load point displacement are very small. 
Even with high quality measurement techniques, we do not expect to be able to use such data to identify 
the nature of the inelastic properties. In [7], the authors develop a method for adhesive layers loaded in 
peel. The idea is to load, unload and reload a double cantilever beam specimen (DCB). During the final 
reloading, the development of the virtual energy release rate is measured. This measurement is based on 
the path independence of the J-integral. Since the adhesive layer previously experienced an inelastic 
loading history, the integral is not path independent. That is, we pretend to ignore the loading history and 
perform the measurement as if the specimen is in a virgin state; hence the naming all variables origin from 
the reload denoted with star suffix, e.g. J* for the virtual energy release rate.  
In [7] simulations show large differences in the development of J* during loading depending on if the 
inelastic state is due to plasticity or damage. The authors conclude that the inelastic properties in peel 
loading are mainly due to damage. This conclusion is obviously dependent on the particular adhesive 
used. 
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In the present paper, a similar technique is developed to study the same problem for an adhesive layer
loaded in shear. In the next section, the specimen, material and loading history is presented; the 
experimental results are presented next and the paper ends with some conclusions. 
Fig. 1. (a) Cohesive law for an epoxy adhesive. A: elastic-damage B: elastic-plastic; (b) ENF-specimen with used notation.  
The measurement of the development of J is based on the expressions derived in [8] for the end 
notched flexure specimen (ENF), cf. Fig. 1b. In this study the expression is altered in order to handle a 
reduced width of the adhesive layer. The energy release rate is given by, 
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where the symbols are given in the list of nomenclature. Here, the first term can be identified as the 
energy release rate for an infinitely stiff adhesive layer; the second term is the dominating contribution 
from the compliance of the adhesive layer. It should be noted that this expression is not based on any 
assumption of a linear behaviour of the adhesive layer. The validity is based on some requirements, cf. 
[9]. For instance, the distance between the crack tip and the loading point, L/2 - a, should be large enough 
to capture the zone of inelastic material behaviour of the adhesive. Moreover, the distance should be so 
large that the shear stress in the adhesive switches sign approximately at the loading point. At the same 
time, the length of the unbounded part, i.e. the crack length a, must be large enough for the ENF-specimen 
to be stable under displacement controlled loading. Equation (1) is also based on the assumption of linear 
elastic properties of the adherends. An alternative expression for J is given by choosing an integration 
path surrounding the inelastic zone of the adhesive. The result is, 
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By equating Eqs (1) and (2) and differentiating the result with respect to the shear deformation at the 
crack tip, v, the cohesive law results, 
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2. Experimental 
Initial experiments are first performed to establish the cohesive law in monotonically increasing load. 
One of them is presented in Fig. 1a. With this in consideration, four preload levels are determined, vp = 
200, 250, 300 and 350 μm. These values correspond to about 50, 60, 70 and 80% of the measured fracture 
energy. The specimens are first preloaded to one of these levels and afterwards unloaded until v = 0 μm, 
i.e. the tensile test machine is reversed. During the latter part of the unloading the force F is negative. 
After this preloading, the specimens are either reloaded to fracture or rotated and thereafter reloaded to 
fracture. In the first case, the reloading of the adhesive layer is performed in the same direction as in the 
preloading stage; in the second case, the reloading is done in the reversed direction. Figure 1a illustrates 
the expected behaviour for an elastic-plasticity model and an elastic-damage model, respectively. 
Reloading to fracture is performed in the same direction as the preload or in the reversed direction. The 
test cases are identified as xS or xR, where x denotes the level of preloading in percentage of the fracture 
energy and S or R denotes reloading the same or reversed direction, respectively. Thus, 50S is a test 
preloaded to 50 % of the fracture energy and reloaded in the same direction.  
Fig. 2. (a-b) Evaluated energy release rate vs. shear deformation; (b-c) Evaluated cohesive stress vs. shear deformation.  
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The loading is performed in a tensile test machine at a prescribed loading rate of 1 mm/min. The 
present adhesive is SikaPower-498, a crash-resistant epoxy adhesive designed for sheet metal joining in 
the body shop for the automotive industry. In these experiments, a nominal layer thickness of 0.3 mm is 
used. The adherends are made of tool steel (Uddeholm Rigor) which a yield strength exceeding 500 MPa. 
The length of the adherends are L = 1 m, the height h = 16.6 mm and width b = 32.6 mm. The unbounded 
part of the specimen is a = 0.30 or 0.35 m. The width of the adhesive is nominally c = 12 mm.  
3. Results 
Figure 2a,b shows the evaluated energy release rate J* given by Eq. (1) vs. the shear for the same 
loading direction and for the reversed loading direction respectively. By differentiating J* with respect to 
the shear deformation v at the crack tip, a virtual cohesive law is calculated. The virtual cohesive law is 
shown in Fig. 2c,d. Variation is found between the different preload levels and for the different loading 
directions. For both loading directions, the evaluated maximum stress is decreasing with an increasing 
preload, cf. Fig. 3a. For the experiments preloaded in the same direction, the maximum shear stress is 
larger than for the virgin material.  
During the latter part of the experiment, J* increases although a crack has started to propagate. A 
characteristic energy release rate, )(50
∗J , is taken as the value of J* when the shear stress has decreased to 
50% of its maximum value. As shown in Fig. 3b, preloading does not have a large effect on )(50
∗J . A 
somewhat smaller )(50
∗J is observed for reloading the same direction. 
Fig. 3. (a) Peak shear stress vs. percentage of fracture energy during pre-load; (b) Characteristic energy release rate vs. percentage of 
fracture energy during pre-load 
4. Conclusions and discussion 
Significant differences are observed depending on the level of preloading and the direction of 
reloading. This indicates a good possibility to deduce the nature of inelastic behaviour when comparing 
with experiments. The experimental scatter is limited indicating good quality of measurement.  
In [7], the DCB-specimen is studied and the peel behaviour is analysed. In that case, reloading is 
always performed in the same direction as the reloading. Numerical simulations show that the peak stress 
of the virtual cohesive law is larger for the elastic-damage model than for the elastic-plastic model. Both 
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models show a decreasing peak stress with increasing preload. For the elastic-plastic model the energy 
release rate was decreased but for the elastic-damage model the energy release rate was unaffected.  
In this study, with the ENF-specimen it is shown that the behaviour of the adhesive layer is strongly 
dependent on the direction of the preloading, cf. fig 2c,d. In the same manner as for the DCB-specimens 
the evaluated peak stress decreases with an increasing preload, cf. fig 3a,b. It can be noted that the 
evaluated peak stress is higher for the experiments where the preload is performed in the same direction; 
also a small decrease in the characteristic energy release rate is found. By comparing with the results from 
[7], an elastic-damage model appears more reasonable.  
For the experiments performed with a reversed loading, the characteristic energy release rate seems 
rather unaffected by the preloading. Numerically studies similar to the ones presented in [7] are planned.  
The increased energy release rate at the latter parts of the experiment may depend on friction between 
the crack surfaces. Reloading and analyses of the experiments with long crack propagation (>200 mm) 
shows a maximum evaluated shear stresses of about 20 MPa at a shear deformation of 700 μm. 
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